INTRODUCTION
The Ischia island (southern Italy) is an active volcanic area located at the northwestern side of the Gulf of Naples. It is part of the Campi Flegrei Volcanic District ( Figure 1 ) together with the Procida island, and was originated following the Pliocene-Quaternary extension, which generated the graben of the Campanian Plain along the Tyrrhenian margin of the Apennines belt [Ippolito et al., 1973; D'Argenio et al., 1973; Finetti and Morelli, 1974; Bartole, 1984; Acocella and Funiciello, 1999; Piochi et al., 1999; Piochi et al., 2005; Sacchi et al, 2009; de Vita et al., 2010] .
The volcanic activity started around 150 ka [Vezzoli, 1988] and was characterized by several effusive and explosive eruptions alternated with periods of quiescence [Vezzoli, 1988; Tibaldi and Vezzoli, 2000; Tibaldi and Vezzoli, 2004; Bruno et al., 2002; de Vita et al., 2010] . The most impacting event in the geological history of the island was the Green Tuff eruption (55 ka), followed by the collapse of the central sector forming a large caldera; inside it the Mt. Epomeo block resurgence started 30 ka [Gillot et al., 1982; Civetta et al., 1991; Orsi et al., 1991; Orsi et al., 1994; Orsi et al., 1999; de Vita et al., 2006] . The uplift of the resurgent Mt. Epomeo block was controlled by E-W normal fault systems, well described in the literature [Vezzoli, 1988; Orsi et al., 1991; Tibaldi and Vezzoli, 1998; Tibaldi and Vezzoli, 2004; Acocella and Funiciello, 1999; de Vita et al., 2010; Nappi et al., 2010] .
The last period of volcanic activity occurred 10 ka, with eruptions located in the eastern sector of the island,
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2 FIGURE 1. Geological and structural map of the Ischia Island [de Vita et al., 2010, modified] .
and ended with the last effusive Arso eruption in 1302 [Chiesa et al., 1986; Iacono, 1996; de Vita et al., 2010] . (Figure 1 ).
Since the last eruption, the volcanic system has shown its persistent state of activity through intense hydrothermal activity [Chiodini et al., 2004] , ground deformation INGV, 2005; Del Gaudio et al., 2011; Sepe et al., 2007; Sepe et al., 2009] , slope instability and seismic activity. The hydrotermal activity, characterized by fumaroles, hot springs, and diffuse degassing areas, is concentrated along faults bounding the northern and western flanks of Mt. Epomeo. Slope instability is mainly concentrated in the northern and western sectors of the island and in the southern flank of Mt. Epomeo [Del Prete and Mele, 2006; Guadagno and Mele, 1995; Mele and Del Prete, 1998; Tibaldi and Vezzoli, 2004] . The Ischia island has been characterized by intense seismic activity since pre-historical and historical times mainly located in the northern sector of the island; the strongest historical earthquakes (VIII<I<XI MCS) occurred in the eighteenth and nineteenth centuries [Cubellis and Luongo, 1998; Gruppo di Lavoro CPTI, 2004; Luongo et al., 2006] , as the well known destructive earthquakes of March 4, 1881 [I=IX MCS, Alessio et al., 1996; Esposito et al., 2006] and July 28, 1883 [Imax =XI MCS and M = 5.2, Cubellis and Luongo, 1998; Gruppo di Lavoro CPTI, 2004; Esposito et al., 2006] .
In the island of Ischia currently there are about 60,000 inhabitants distributed in 6 municipalities, but in the summer the population increases and consequently the seismic/volcanic risk in terms of exposed value.
The dynamics of the island is constantly monitored by the Istituto Nazionale di Geofisica e Vulcanologia -Osservatorio Vesuviano (INGV-OV) surveillance system that consists of geophysical and geochemical networks (Figure 2) ; this system was established and is managed by the Osservatorio Vesuviano (OV). In particular, instruments for seismicity and ground deformation continuous monitoring are currently operating; moreover, geophysical and geochemical periodic surveys are carried out for better constraining the geodinamic activity.
The analysis and interpretation of the data acquired by continuous measurements, integrated with the data obtained by geophysical and geochemical periodic surveys, allow researchers to increase scientific knowledge aiming to monitor the island for civil protection purposes.
For what concerns geophysical surveillance, the ground deformation monitoring is detected by continuous Global Positioning System (cGPS) geodetic mea- surements and by Tiltmetric network continuous measurements, as well as through Interferometric Syntetic Aperture Radar (InSAR) technique and periodic geodetic surveys (absolute and relative gravimetry, high precision leveling and GPS).
In particular, high precision spirit leveling allows the space-time monitoring of the vertical component of the deformation field by means of periodic measurements of height differences between fixed points called "Benchmarks" (Bm) . At the moment, this is the only independent technique that provide measurement errors less than one millimeter on the computed heights.
The high precision spirit leveling is also an useful technique for volcanoes monitoring along slopes where eruptive fractures are more likely to occur [Luongo et al., 1990; Dsurizin, 2003; Murase et al., 2016] . Relatively to the whole leveling measurements survey, the mean error per kilometer (standard deviation evaluated for the distance of 1 km) multiplied by the root square of the length expressed in km must be less than 1mm/√km to ensure the greatest accuracy. Geodetic measurements, obtained by precise leveling since 1978, provide a tool for documenting the rate of movement of the island through time. We organized and analyzed all information on the vertical component of the ground motion, with a detailed study of the vertical movements between 2003 [Del Gaudio et al., 1987 , 2011 .
The performed analysis has provided spatial and temporal information on the volcanic island dynamics that can contribute to the investigation, modeling and interpretation of the physical processes behind the observed deformation phenomena in the Ischia island.
THE ISCHIA HIGH PRECISION LEVELING SURVEY
In areas of active tectonics the topographic leveling technique has been often performed in order to detect any ground deformation and the possible relative sources. Leveling networks are occupied repeatedly, and the difference between successive surveys represents an estimate of crustal deformation over time [Arca and Beretta, 1982; Yeats et al., 1997; D'Anastasio et al., 2006] . For this reason, this technique has been frequently applied in many volcanic and tectonic areas for the study of different geophysical phenomena [Luongo et al., 1990; Arnadottir et al., 1992; Amoruso et al., 1998; Obrizzo et al., 2001; Cheloni et al., 2012] . In particular, in case of earthquake occurrence, coseismic and postseismic ground deformation amounts due to earthquake source motion can be calculated, comparing the obtained measurements with previous rates of ground deformation and with previous heights of the near field benchmarks.
In 1910 the Istituto Geografico Militare (IGM) (Italian Army Geographic Institute of Italy) was instructed to perform a campaign of precision altimetric measurements, following the great flood that involved "La Sentinella" and "Piazza Bagni" localities in Casamicciola village [Loperfido, 1914] . Therefore, the first precision leveling survey was operated by IGM in 1913 along the State Road encircling the island (currently called "Coast Line", Figure 3 , in blue color) and repeated in 1967 by the Italian Geodetic Society (SGI) [Osservatorio Vesuviano, 1979] .
From 1978 to 2010 new leveling lines including new benchmarks were installed by the Osservatorio Vesuviano in order to improve the ground deformation monitoring. In Figure 3 the schematic map with the different leveling lines and the relative year of implementation are shown in different colours [Del Gaudio et al., 1987 , 2011 .
Nowadays the high precision spirit leveling of Ischia Island consists of 257 benchmarks with a mean mutual distance of 300 meters each, for a total of about 100 km of leveling line with ten linked loops; the relative measurements are subjected to least squares compensation with the method of indirect observations [Inghilleri, 1974] .
The reference benchmark is located in the Ischia Porto zone (precisely on the wall of the S. Maria of Portosalvo church) and is marked by number 1 (Bm 1) in the upper right corner (Figure 2 ). Its stability is confirmed by the fact that it is placed at the center of an area about 3 km2 in which both the leveling and GPS surveys carried out in the past have measured a small amount of subsidence, thus testifying low dynamics of this area compared to ground deformation affecting other sectors of the island.
Starting from the first days of November 2017 a high precision leveling survey was carried out along the line located in the northwestern sector of the Ischia island (Figure 4 ), in order to check for any anomalies following the seismic event Md=4.0 occurred on August 21 2017, at 18:57:51 UTC, which mainly hit the lo-calities of Piazza Bagni and Piazza Maio in the Casamicciola Municipality.
The measurements and the logistics of the campaign were assigned, in total, to 11 qualified personnel; two teams of 4 units were gathered and equipped with an electronic level (Leica Geosystems mod. DNA03) for measurements with precision of 0.3 mm/km of double run leveling (differences between benchmarks measured in both directions) and two bars in aluminum with barcode on the Invar belt. In the sectors characterized by steep slopes, the electronic level was replaced with a Leica Geosystems optical self-leveling The 5 leveling stretches that were surveyed are as follows:
1. the "Coast Line" from Ischia Porto (Bm 1) to Forio in Monterone (Bm 63) passing through Casamicciola and Lacco Ameno; 2. the "Borbonica Line" from Monterone (Forio) (Bm 63) to Casamicciola with closure of the circuit at Bm 81 on the "Coast Line" passing through Fango (Lacco Ameno), Maio and Bagni (Casamicciola); 3. the "Mezzavia Line" that starts from the Bm 75 of the "Coast Line" up to the Lacco Ameno Porto and connects with Fango along the North-South line (Bm 100A of the "Borbonica Line"), then continues on the spurs of the Mt. Nuovo up to Bm 224; 4. the "Maio-Capomanno Line", which starts from the Bm 96A of the "Borbonica Line" (Piazza Maio) and then continues on the spurs of the Mt. Nuovo up to the Bm 199 in Capomanno; 5. the "Bagni-Cognolo Line" that starts from the Bm 92 of the "Borbonica Line" (Piazza Bagni) and then continues on the spurs of the Mt. Nuovo up to the Bm 204 in the locality of Cognolo.
The closing errors of the two loops L9 and L10 (Table 1, Figure 4 ), both about 8.5 km long, were less than the maximum tolerance allowed TMax = ± 2 * √L (Km), where L is the length of each loop in km (obtained from the readings on the rods); thus the measured differences can be considered not due to accidental causes.
The orthometric height of 72 investigated benchmarks is obtained by minimizing the misclosures of each loop by means of a least squares compensation applied to the measured elevation differences between successive benchmarks. The Bm 1, located in Ischia (Figure 2) , Church of S. Maria di Portosalvo (H ort =3.0360m) has been set as a reference benchmark.
The standard deviation per unit of weight calculated on the compensated network was lower than the unit (σ 0 = 0.994 mm), demonstrating the high accuracy of the performed measurements.
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6 FIGURE 5. Field measurements in the leveling survey. 
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RESULTS
In order to provide a detailed trend of the observed vertical deformations, the results obtained through the November 2017 leveling campaign have been compared with those of June 2010 and discussed in the following. Both campaigns are referred to the same reference benchmark Bm 1.
At first, the data obtained from the five lines investigated, considered adequately representative of the kinematics of the North and North-West sector of the island, show considerable anomalies in the epicentral area of the August 2017 earthquake.
These anomalies will be highlighted in the following six figures (Figures 6 to 11 ):
•"Coast Line" (Figure 6 ). Along this line from Bm 1 to Bm 77 there are no significant variations compared to the previous 7 years; only a slight subsidence, with almost no statistical significance, is evident at Bm 76B and Bm 72B in Marina di Lacco Ameno while, from Bm 65 to Bm 64, we observe a slight but statistically significant uplift (around 10 cm) in the Forio -Monterone area.
•"Borbonica Line" (Figure 7 ). Before discussing this figure we must anticipate that long-term deformation (starting from 1987) has always shown an almost invariant space-time trend of general subsidence [Del Gaudio et al., 2011] . In fact, the subsidence pattern is characterized by minimum values starting from Bm 86, increasing significantly, continuing towards the localities "Bagni" and "Maio" at Casamicciola (Bm 96A). Towards Lacco Ameno, the lowering of the ground is constantly increasing and reaches maximum values at Bm 100A in the locality "Fango" (Lacco Ameno), then progressively decreases ending at Bm 103 in Monterone (Forio).
The maximum deformation rates, calculated at Bm 100A from 1987 to 2010, have remained fairly constant over time with values of -11.83 ± 0.26 mm/year [Del Gaudio et al., 2011] . The measurements performed in November 2017 (referred to June 2010) show once again that the maximum lowering is found at Bm 100A with -93 ± 4.0 mm ( Figure 7 ). These measurements show, contrary to what happened in the past, a strong subsidence between the Bm 94B and 97B which, however, suddenly reverses its sign between the Bm 97B and 98A with a step of 36 mm. This jump corresponds either to the uplift of the Bm 98A respect to Bm 97B or to a greater subsidence of the area located at East of 97B, where the epicenter of the 21 August earthquake has been localized.
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8 FIGURE 8. "Mezzavia Line". Differences between the heights measured in 2017 and those of 2010. Blue line with asterisks: vertical displacements; red dotted line: confidence limits 95%; green line: topographic profile; on the abscissae: the minimum progressive distances between benchmarks; small box: schematic map of the line location.
•"Mezzavia Line" (Figure 8 ). A small subsidence is observed starting from Bm 184 which increases until it reaches significant values at Bm 185 and 186, after which the lowering of the ground becomes evident culminating at Bm 100A (on the Borbonica Line) and then decreasing to the South towards the 9 LEVELING SURVEY 2017 ISCHIA ISLAN Mt. Nuovo on the Bm 222, 223 and 224.
•"Maio-Capomanno Line" (Figure 9 ). Along this line, defined and measured in 2010, there are negative displacements that denote an almost uniform lowering of the ground of about 45 mm.
•"Bagni-Cognolo Line" (Figure 10 ). Along this line, also defined and measured in 2010, we observe a less uniform but equally significant subsidence between the Bm 93 and 202 with an average value of about 25 mm. The ground deformation measured during the survey in November 2017 is on the whole comparable with that obtained from the measurements carried out during the past years, with the exception of 3 anomalies detected around the epicentral area of the August 2017 event (Figure 11 ).
•The first concerns the central-eastern area of the "Borbonica Line" (Bm 92 -Bm 97B) along which there is an increase in the lowering of the ground compared to previous years (measurements of 2010 and 2006 related to those of 2003).
•The second one shows a considerable subsidence between the Bm 97B and 98A, also belonging to the "Borbonica Line".
•The third and last anomaly, even if minor, is observed to the West of the epicentral area where, exactly between the Bm 103 and Bm 65A: this uplift reaches a maximum value of about 10 mm, occurred between 2010 and 2017. In order to obtain an estimate of the ground deformation possibly related to the Casamicciola earthquake, a "detrending" was applied to the variations in altitude measured in November 2017 along the "Borbonica Line", filtering the "secular" trend, the continuous subsidence found on it since 1987, whose maximum value has always been recorded at Bm 100A (Mezzavia-Fango).
Then, assuming that the rate of the secular deformation is the same before and after the Casamicciola earthquake, we adjust for this effect by cumulating the long-term deformation over the period 2010-2017 at each benchmark (Figure 12) .
On the residual line of vertical displacements we distinguish four sectors with different style of deformation (delimited by the green rectangles in Figure 12) , with the main anomaly confined within the epicentral area. Starting from West and moving eastward we observe:
• in the box a (between Bm 65A and Bm 101A) positive residuals indicating a slight uplift (about 10-20 mm) affecting the WNW sector of the Ischia island;
• in the box b (Bm 100A) a subsidence (up to 6 mm) slightly greater than the long-term value;
• in the box c (between the Bm 99A and the Bm 97A) the coseismic anomaly is evidently characterized by a ground uplift between 99A and 98A and a marked subsidence between the Bm 98A and Bm 97B;
• in the box d (between the Bm 96A and the 86B) there are no significant changes. The uncertainties (error bars) have been defined, for each benchmark, by the standard deviation of ground displacement rate evaluated from 1987 to 2010.
DISCUSSION
The comparison between the altimetric data obtained in November 2017 and those recorded in previous years shows a marked subsidence of the surface of about 36 mm between the Bm 98A and Bm 97B, both located about 700 m west of Piazza Maio (Casamicciola) ( Figures  7, 11 and Figure 12 box c). Such anomaly is probably attributed to a coseismic deformation offset caused by the August 2017 earthquake.
Furthermore, the residual lowering of about 6 mm, calculated at the Bm 100A in Fango (Lacco Ameno) (Figure 12 box b) , could indicate acceleration of the subsidence pattern in the last seven years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) that includes the effects of the 21 August earthquake.
The area characterized by the identified anomalies ( Figure 12 box b and c) coincides with the greatest macroseismic damages [Azzaro et al., 2017] and with the coseismic surface fractures system along E-W direction 11 LEVELING SURVEY 2017 ISCHIA ISLAN (between Fango and Piazza Maio), detected by the Emergeo working group [EMERGEO Working Group, Nappi et al., 2018] . Inside the same area, also the images obtained from the SAR technique have highlighted two subsiding sectors, one is wider and is related to the epicentral area, the other one is of smaller extension [Gruppo di Lavoro INGV sul terremoto dell'isola di Ischia, 2017; De Novellis et al., 2018] .
The overlapping of the residuals line calculated on the vertical displacements to the SAR image (Figure 13a ), shows the perfect correspondence both of the subsidence measured between the Bm 98A and Bm 97B (area of more extensive and intense red color) and that detected at Bm 100A (smaller area of pink color) (Figure 13a, b) .
The effects due to the strong subsidence that mainly interested the central-eastern area of the "Borbonica Line", have been detected also from the tiltmetric station named ISC. This sensor is located about 3 km in the ESE direction respect to the epicentral area and is installed in a well 25 meters deep (Figure 14a ) [Ricco et al., 2017] . The ISC station, together with others two tiltmetric stations (BRN and FOR), belongs to the Ischia Monitoring Tiltmetric Network that is operating on the island from the end of April 2015 [Aquino et al., 2016] .
The sensor recorded, between 18:56 and 19:03 UTC of August 21, a coseismic tilt of 6.3 μradians towards NW (Figure 14b) ; this tilting direction has interrupted the historical trend to NNW that has characterized the site-station since its installation, but it was re-aligned with it immediately after the earthquake [Ricco et al., 2017] .
Also some stations of the cGPS monitoring network of Ischia (Figure 15 ) have recorded the coseismic deformation, evaluated through the difference among the averages of their positions 15 days before and 5 days after the event.
The cGPS station named MEPO, operating on Mt. Epomeo, has shown a maximum horizontal displacement of about 1.5 cm in the NNW direction and a vertical coseismic shift with a lowering of about 1 cm, while the station named OSCM located in Casamicciola has detected a horizontal displacement of about 1 cm in the NNE direction ( Figure 15) [INGV/Osservatorio Vesuviano, Settembre 2017].
CONCLUSIONS
The results obtained from the high precision leveling survey carried out in the northwestern area of the island identify a localized and pronounced anomaly of ground deformation in the epicentral area of the August 2017 earthquake. Also the tiltmetric station ISC has recorded, between 18:56 and 19:03 UTC of August 21 a coseismic tilt of 6.3 μradians towards NW (Figure 14 ) [Ricco et al., 2017] , in good agreement with the subsidence observed in the epicentral area.
The comparison between the altimetric data obtained in November 2017 and those recorded in previous years shows a subsidence of about 36 mm between the Bm 98A and Bm 97B, along the "Borbonica Line" (Figure 12) . The area in which we observe this maximum value of subsidence spatially correlates with the deformation detected by the InSAR data analysis (Figure 13 l'isola di Ischia, 2017; De Novellis et al., 2018] . Moreover this area coincides with the greatest macroseismic damages [Azzaro et al., 2017] and with the coseismic surface fractures system E-W oriented identified by the Emergeo working group [EMERGEO Working Group, Nappi et al., 2017; Nappi et al., 2018] . The leveling measurements performed, together with the fracturing system extensively observed in the hanging wall of this fault immediately after the earthquake, have shown that the seismic event caused the lowering of the block to the north of Mt. Epomeo. The observed ground deformation anomaly results properly correlated with the fault motion at surface, as it has been hypothesized in the geological source model by Nappi et al., [2018] and InSAR source model by Montuori et al., [2018] and Albano et al., [2018] . These Authors consider the reactivation of the E-W fault systems, northward dipping, that borders the Mt Epomeo's northern flank, as the tectonic structure responsible for the August 21, 2017 Casamicciola earthquake. Nevertheless Albano et al., [2018] suggest that the observed ground displacements can also be interpreted as the combination of tectonic and non-tectonic phenomena, i.e., as due to the fault slip and the earthquake-induced landslides, respectively.
In conclusion, the leveling survey performed on November 2017 on a sector of the altimetric network of the island of Ischia has provided a quantitative measurement, with high degree of accuracy and precision, of the vertical displacement in the epicentral area, confirmed also by other geodetic methodologies as well as by the ground effects geological surveys. It is necessary that further leveling measurements, extended to the whole altimetric network of the island, will be carried out in future, in order to infer and understand the recent dynamics of the whole island.
